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Abstract 22
Population structure and natal origins of European hake were investigated using 23 microsatellite DNA markers and otolith geochemistry data. Five microsatellites were 24 sequenced and otolith core geochemical composition was determined from age-1 hake 25 collected in the northeast Atlantic Ocean and the Mediterranean Sea. Microsatellites 26 provided evidence of a major genetic split in the vicinity of the Strait of Gibraltar, 27 separating the Atlantic and the Mediterranean populations, with the exception of the Gulf 28 of Cádiz. Based on classification models using otolith core geochemical values 29 individuals' natal origins were identified, although with an increased error rate. Coupling 30 genotype and otolith data increased classification accuracy of individuals to their potential 31 natal origins while providing evidence of movement between the northern and southern 32 stock units in the Atlantic Ocean. Information obtained by the two natural markers on 33 population structure of European hake was complementary as the two markers act at 34 different spatio-temporal scales. Otolith geochemistry provides information over an 35 ecological time frame and on a fine spatial scale, while microsatellite DNA markers report 36 on gene flow over evolutionary time scales and therefore act on a broader spatio-temporal 37 resolution. Thus, this study confirmed the usefulness of otolith geochemistry to 38 populations are assessed and managed in geographical sub-areas (GSA) defined by GFCM 125 (General Fisheries Commission for the Mediterranean) (Cardinale et al., 2011) which has 126 led to numerous stock assessments of rather small stock units. Similarly to the populations 127 in the Atlantic Ocean, European hake inhabiting the Mediterranean shelves and slopes are 128 assumed to be connected over several GSA as has been shown by population genetic 129 studies (e.g. Lo Brutto et al., 2004) . 130
The aim of the present study was to use genetic markers and otolith geochemistry to 131 investigate natal origins and population structure of European hake in the northeast 132
Atlantic Ocean and the western Mediterranean Sea and to assess the complementarity of 133 the information obtained by the two natural markers. Genetic structure of hake populations 134
was assessed using microsatellite DNA markers. Geochemical composition of otolith 135 cores, representing larval and early pelagic juvenile life stages, was used to investigate 136 spatial separation at these early life stages. 137 138 2. Material and Methods 139
Fish sampling 140
Specimens of European hake were obtained from research surveys at seven locations in the 141 northeast Atlantic Ocean and the western Mediterranean Sea (Fig. 1) . Total length of the 142 individuals was determined (Table 1) , sagittal otoliths were extracted and fin tissue clips 143 (ca. 1 cm 2 ) were obtained. Otoliths were rinsed with water, cleaned from adhering tissue 144 and preserved dry. Fin tissue clips were stored in pure ethanol for genetic analysis. All 145 individuals used in this study were classified into the age-class 1 given the age-length 146 relationships provided by previous studies in the two areas based on increments in the 147 otoliths (De Pontual et al., 2006; Mellon-Duval et al., 2010 For DNA extraction and purification of European hake fin tissue samples a commercial kit 152 (MasterPure Complete DNA and RNA purification kit, EPICENTRE Biotechnologies) was 153 used. Five microsatellite markers, previously described for this species (Morán et al., 1999) 154 (Mmer UEAHk3b, Mmer UEAHhk9b, Mmer UEAHk20, Mmer UEAHk29 and Mmer 155 UEAHk34b) which were compatible with neutrality (Beaumont and Nichols, 1996) were 156 amplified following PCR reaction conditions outlined by Pita et al. (2011) Allele frequencies, observed and expected heterozygosities, and Hardy-Weinberg 168 equilibrium tests were performed using Genepop 4.0 (Raymond and Rousset, 1995) . F STAT 169 2.9.2.3 (Goudet, 1995) was used to calculate number of alleles, allelic richness, and 170 fixation indices within samples (F IS ) and between samples (F ST ). Hierarchical analysis of 171 molecular variance (AMOVA) implemented in Arlequin (ver. 3.11, Excoffier et al., 2005) 172 was used to examine differences among groups of collection locations (F CT ) and among 173 collection locations within groups (F SC ). In order to assess molecular variance at different 174 spatial scales, collection locations were pooled into the two hydrogeographic regions 175 (Atlantic Ocean and Mediterranean Sea) as well as to the currently implemented 176 management units in the Atlantic Ocean, i.e. northern and southern stocks and the western 177 Mediterranean populations pooled. A consensus star-like dendrogram describing the 178 relationships among collection locations was generated with the neighbor-joining 179 algorithm (Saitou and Nei, 1987) using Cavalli-Sforza and Edwards (1967) chord distances 180 implemented in PHYLIP package (Felsenstein, 2005) . One thousand bootstrap replicates of 181 allele frequencies were used as nodal support of tree branches and the software 182 TREEVIEW (Page, 1996) was used for tree editing. A Bayesian clustering algorithm 183 implemented in STRUCTURE 2.3.1 (Pritchard et al., 2000) was used to determine the 184 most probable number of genetic clusters (K) within the dataset. K was selected a priori 185 ranging from 1 to 8 populations and a correlated allele frequency model was chosen. The 186 'no admixture' algorithm was used with information on collection location included to 187 assist the clustering, enabling a better performance for data with weak genetic structure 188 (Hubisz et al., 2009 ). In total, 10 4 burn-in and 10 4 MCMC (Markov Chain Monte Carlo) 189 repetitions were used and each independent run was iterated 5 times. The most appropriate 190 K was predicted from plots of ad hoc posterior probability models of both Pr(X|K) and ∆K 191 as recommended by Evanno et al. (2005) . Assignment tests of hake individuals were 192 performed using the statistical package ONCOR (Kalinowski et al., 2008 Microsatellite marker data cannot be combined directly with non-genetic data (otolith 225 geochemical data) due to their co-dominant nature. To deal with the incompatibility of the 226 two datasets, genetic data were transformed to probabilities of belonging to a cluster (K) 227 determined using STRUCTURE 2.3.1 (Stefánsson et al., 2009; Higgins et al., 2010) Portugal samples. AMOVA analyses showed that most variation among collection 250 locations (2.25%) was due to differences between the Atlantic Ocean and the 251
Mediterranean Sea and to a lesser extent (1.60%) among the two management units 252 currently implemented in the northeast Atlantic and the Mediterranean Sea (Table 3 ). The 253 neighbour-joining dendrogram showed a major branching between Atlantic and 254
Mediterranean locations with 98.8% bootstrap support (Fig. 2) . Within the branch of the 255 Atlantic locations, samples from the Gulf of Cádiz were positioned apart with 83.2% 256 bootstrap support. 257
Based on the clustering approach performed in STRUCTURE, individuals were assigned 258 to two hypothetical clusters (K = 2) (Fig. 3 ). The first cluster was composed by individuals 259 collected in the Atlantic Ocean however, only about one third of the individuals collected 260 in the Gulf of Cádiz were allocated to this cluster. The remaining individuals collected in 261 the Gulf of Cádiz were placed in the second cluster with the individuals collected in the 262
Mediterranean Sea (Fig. 4) . 263
Overall accuracy of assignment tests of individuals to their collection locations based on 264 microsatellite DNA markers was very low (23.4%) and only increased slightly when 265 assigning to the management units in the Atlantic and to the western Mediterranean Sea 266 (48%) ( Table 4) . Acceptable values of accuracy were achieved when European hake were 267 assigned to their hydrogeographic regions of collection (77.8%) ( Table 4) . 268 269
Otolith geochemistry 270
Overall classification accuracy of European hake to the collection locations, Atlantic 271 management units and western Mediterranean Sea, as well as the hydrogeographic regions 272 was good, ranging from 77.1% to 82.9% (Table 4) (Table 4) . Finally, error rates were 24% 283 when classifying individuals from the Atlantic Ocean to hydrogeographic region of 284 collection (Table 4) . 285 286 3.3 Combination of microsatellite markers and otolith geochemistry 287
Combining microsatellite DNA markers and otolith geochemistry improved the overall 288 classification accuracy in all the analyses (Table 4) (Table 4) . 297 298
Discussion 299
The application of microsatellite DNA markers and otolith geochemistry enhanced the 300 identification of potential natal origins and population structure of the European hake. 301
Microsatellite DNA markers report on gene flow over short evolutionary time scales and 302 therefore act at broad spatio-temporal resolutions. Alternatively, otolith geochemistry 303 generally provides information on finer spatial and temporal scales. In this instance, 304
Atlantic and Mediterranean hake populations were generally distinguished based on 305 microsatellite markers while otolith geochemistry differed significantly among locations 306 over the full geographical range of this study. 307
The parameters of the microsatellite DNA markers employed were within the range of 308 previous studies in European hake (e.g. Lundy et al., 1999; Pita et al., 2011; Pita et al., 309 2013) . The heterozygote deficit observed for two loci in most collection locations has been 310 previously reported for this set of markers (e.g. Lundy et al., 1999) . Pita et al. (2011) 311 suggested that the existence of multiple null alleles co-segregating at low-frequency as the 312 most parsimonious explanation for the absence of null-null homozygotes in genotypes 313
given that technical artifacts (e.g. drop-out effects) had been minimized. Heterozygote 314 deficits caused by null alleles can introduce bias in estimates of divergence in highly 315 structured species (i.e. different null alleles segregating at different frequencies in different 316 populations). However, for closely related populations of highly homogeneous species 317 such as hake, it can be assumed that the impact of null alleles is evenly distributed across 318 samples and therefore the underestimation of gene diversity due to null alleles can be 319 ignored (Lado-Insua et al., 2011) as is usually done under homoplasy (Estoup et al., 1995) . Gibraltar, as suggested in other marine organisms such as mussels (Diz and Presa, 2008) . 331
However, the hypothesis of unidirectional dispersal of hake larvae from the Atlantic Ocean 332 into the Mediterranean Sea has yet to be confirmed. In the Atlantic Ocean, individuals 333 collected in the Celtic Sea, the Armorican Shelf and the Galician Shelf showed very little 334 genetic divergence. This result is in agreement with recent studies suggesting consistent 335 gene flow between hake grounds in Porcupine Bank and Great Sole Bank (Celtic Sea), and 336 northern grounds of the Iberian Peninsula over a two year period (Pita et al., 2011; Pita et 337 al., 2013) . The congruence with these studies that have a temporally more intensive 338 sampling design supports the results obtained in this study. samples would increase the probability of identifying migrants given that only a few 375 migrants per generation are necessary to prevent genetic divergence among populations 376 (Palumbi, 2003) . Nevertheless, our results show that the northern and southern hake stocks 377 in the northeast Atlantic are connected and disclose the high complexity of population 378 structure of European hake in the Atlantic Ocean. 379
The integration of genetic markers and otolith geochemistry clearly added to the study of 380 natal origins and population structure of European hake providing information at different 381 spatial resolutions. Furthermore, we confirmed that otolith geochemistry is a useful 382 technique to complement the assessment of early life stage dispersal in populations with 383 high gene flow and low genetic divergence (Campana, 1999; Thorrold et al., 2001) . 384
Nevertheless, the sampling design should cover several years to assess the stability of the 385 results obtained. For the genetic markers, studies have determined temporal consistency in 386 this species (Lundy et al., 2000; Pita et al., 2011; Pita et al., 2013) however, to our 387 knowledge, no otolith geochemistry study has assessed otolith composition in European 388 hake over more than a year. Temporal stability in otolith geochemical composition is rare, 389 even in rather homogenous environment such as the ocean (reviewed in Elsdon et al., 390 2008) . Furthermore, to obtain a reliable estimate of dispersal, hake larvae need to be 391 systematically sampled to constrain a baseline dataset for retrospective determination of 392 natal origin of adults. The extent and direction of larval dispersion and migration of 393 juvenile and adult hake might be further unraveled by combining biophysical models, 394 additional otolith chemistry studies and using artificial tags given that successful tag- Cardinale, M., Abella, J.A., Martin, P., Accadia, P., Bitetto, I., Colloca, F., Fiorentino, F., 447
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